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I. INTRODUCTION

Chronic lymphocytic leukemia (CLL), a malignant tumor of mature B cells, is one of the
most common types of oncohematological diseases in the developed countries with an
age-adjusted incidence of 4-5 per 100,000 people. CLL is characterized by the
monoclonal expansion and proliferation of typically CD5 expressing and mature B cells
in the peripheral blood, bone marrow and other lymphoid organs, including lymph nodes
and the spleen. CLL is most common in the elderly, with a median age of 72 years at the

diagnosis and is affecting more males than females (2:1). (1)

Only a handful of risk factors has been described for CLL to date including exposure to
hepatitis C virus and common infections, exposure to herbicides and pesticides, and
notably hereditary factors. (1) CLL has the strongest inherited predisposition among
hematologic malignancies. Although familial CLL is an extremely rare entity, about 10%
of patients developing CLL has a family history of the disease, with the risk of CLL

increasing to 7.5-8.5-fold in cases with affected first-degree relatives. (2)

CLL has highly variable and heterogeneous clinical manifestations, albeit the most
common presentation of the disease is the incidental discovery of asymptomatic
lymphocytosis during complete blood count analysis obtained for reasons unrelated to
CLL. Lymphadenopathy is the second most common presentation, whereas the B
symptoms, such as fever, weight loss, night sweats, and organomegaly present less
frequently. Single- or multi-lineage cytopenias due to lymphocytic infiltration of the bone

marrow may also be associated with the disease in some cases. (3)

Although CLL might be primary suspected in patients with the above-described clinical
presentations, the diagnosis of CLL requires the sustained presence of >5x10°/L
lymphocytes in the peripheral blood (PB). Based on the criteria of the International
Workshop on CLL (iwCLL) working group, clonality of the B cells must be assessed by
flow cytometry, demonstrating immunoglobulin light chain (Kappa or Lambda)
restriction. (4) CLL cells typically co-express surface antigens CD5, CD19, CD20, and
CD23 confirming the use of the panel of CD19/CD5/CD20/CD23/Kappa/Lambda
immunophenotypic markers to establish the diagnosis recommended by the European
Research Initiative on CLL (ERIC) and the European Society for Clinical Cell Analysis

working groups. In ambiguous cases, the use of additional markers including CD38,
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CD43, CD79b, CD81, CD200, CD10 and ROR1 may further contribute to the refinement

of the diagnosis as well as distinguishing different prognostic subgroups. (5, 6)

I.1. Cytogenetic and molecular alterations with prognostic or predictive value in

CLL

Monoclonal proliferation and expansion underlying CLL are characterized by the
acquisition of distinct cytogenetic and molecular events leading to heterogeneous genetic,
epigenetic and translational changes in patients with CLL and rendering the leukemia
more aggressive. Approximately 80% of all cases carry at least one of the four most
common chromosomal alterations with prognostic features detected by fluorescence in
situ hybridization (FISH): deletions (del) of chromosomal regions 11q, 13q, 17p and

trisomy of chromosome 12 (trisomy 12). (7)

Isolated del(17p) found in 5-8% of chemotherapy-naive cases frequently includes the
tumour suppressor gene 7P53 and similar to pathogenic 7P53 mutations, is a strong
predictive biomarker for resistance against conventional chemotherapies. (8) Notably, up
to 80% of the patients with confirmed del(17p) also harbour 7P53 mutations in the
remaining allele. (9) Del(13q) is the most common chromosomal aberration detected in
up to 55% of the cases and is characterized by favourable outcomes. (10) Del(11q)
encompassing the gene ATM was associated with bulky disease and shorter overall
survival rates, although its prognostic value has been overcome by the introduction of
highly efficient cytoreductive chemoimmunotherapies. (7, 8, 11) Trisomy 12 is observed
in 10-20% of the cases and is associated with intermediate prognosis. Further aberrations,
such as deletion of 6q, trisomy 3 and translocation t(14q32), are additional findings in
CLL patients and do not influence the overall survival (OS), however they may contribute
to complex karyotype in some cases. (7) Complex karyotype, defined by the presence of
>5 chromosomal abnormalities, discriminates poor outcome and is an independent
prognostic biomarker for response to chemoimmunotherapeutic agents, but its use does
not extend to the standard-of-care diagnostics and is mostly limited to clinical trials and

other studies (Table 1). (7, 10, 12, 13)

In addition to cytogenetic changes, recent studies utilizing whole exome sequencing to

characterize the genetic landscape of CLL have uncovered a number of recurrently
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mutated genes involved in DNA damage signalling and repair, RNA processing, MAPK
signalling and MY C activity. These genes include 7P53, ATM, NOTCH1, BIRC3, SF3B1,
MYDS8S, RPS15, FBXW7, POTI, CHD2, IKZF3, ZNF292, ARIDIA, ZMYM3 and
PTPNI1. (10, 14-16) Mutations of 7P53 associated with dismal prognosis are identified
in 4-37% of the cases and have a detrimental effect on response to chemotherapy.
Predictive value of TP53 disruptions encompassing del(17p) and 7P53 mutations was
confirmed by several research groups as well as our own dataset (unpublished
observations). (9, 17) Pathogenic variants of other recurrently mutated genes are most

likely not of prognostic or predictive significance.

Table 1. Independent prognostic and predictive biomarkers in chronic lymphocytic
leukemia

Biomarker Prognosis Method Indication

del(11)q unfavourable FISH prior to every line of
therapy

del(13q) favourable FISH prior to every line of
therapy

del(17p) unfavourable FISH prior to every line of
therapy

trisomy 12 intermediate  FISH prior to every line of
therapy

complex karyotype unfavourable karyotyping clinical studies only

Sanger-sequencing

IGHV-U unfavourable or NGS at the time of progression
TP53 mutations predictive Sfrll\?érs-sequencmg at the time of progression

del = deletion; FISH = fluorescence in situ hybridization, IGHV-U = unmutated heavy
chain of the B cell receptor immunoglobulin;, NGS = next-generation sequencing

Somatic hypermutation of the heavy chain of the B cell receptor immunoglobulin (IGHV)
is an additional widely used and independent prognostic biomarker in CLL with
unmutated IGHV status (IGHV-U, >98% germline homology) conferring aggressive
illness and shorter OS, while those carrying mutated IGHV (IGHV-M, <97% germline
homology) have a more indolent clinical course. (6, 18, 19) Borderline hypermutation
load with germline homology of 97-98% represents a subgroup of CLL patients with
intermediate prognosis (IGHV-B). Notably, up to 30% of the cases carry quasi-identical
IGHV, a phenomenon aptly named B cell receptor stereotypy, underlying the putative
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role of antigen selection in the pathogenesis of CLL. (20, 21) Among the numerous
subsets associated with a spectrum of co-occurring gene mutations and variable clinical
courses, stereotyped B cell receptor subset #2 is particularly noteworthy, since it confers

dismal outcome regardless of the IGHV somatic hypermutation status. (21, 22)

Recently, epigenetic changes and permissive environment has also emerged as putative
driver or co-operating events of leukemogenesis, but their role in guiding clinical patient

care remains unclear to date.

1.2. Risk stratification and indication for treatment initiation

Substantial heterogeneity of the genetic background and initial presentation of CLL is
complemented by a highly variable clinical course. Some patients survive for relatively
long periods without requiring therapeutic intervention, whereas others succumb to an
aggressive and rapidly progressing illness that is often refractory to standard
chemoimmunotherapies. Patients with established diagnosis of the disease should
undergo clinical staging and symptom-based risk stratification to assess the necessity for
treatment initiation and expected prognosis. Classical clinical staging systems developed
by Rai (23) and Binet (24) relying on physical examination findings and standard-of-care
laboratory tests are — along with symptomatic or active disease — the basis of treatment
indication and prognostication in both clinical practice and clinical trials, and do not

involve imaging, or cytogenetic and molecular data.

Recent advances in molecular biology and understanding of the genetic changes driving
leukemogenesis have led to the identification of markers associated with high-risk disease
and progression conferring poor prognosis. In addition, the plethora of potential
biomarkers identified are used independently of the clinical staging systems to provide
prognostic information and further distinguish prognostic subgroups. Currently, one of
the most relevant and comprehensive prognostic score incorporating clinical, biological
and genetic data is the CLL International Prognostic Index (CLL-IPI) using five distinct
markers for prognosis prediction, including age, clinical stage, serum B2-microglobulin,
TP53 dysfunction (deletion of 17p and 7P53 mutations) and unmutated IGHV status. (25,
26) Although the prognostic value of CLL-IPI is currently being revised for the
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application of targeted therapies, it is a widely used tool for prognostication by separating

four patient subgroups with significantly different 5-year survival rates (Figure 1).

A Training dataset B Internal-validation dataset
—— Low risk
100 — Intermediate risk
— High risk
—— Very high risk

80

60

Overall survival (%)

40

204

p<0-0001

p<0-0001

0

T T T T T T T T T T T T 1 T T T T T T T T T T T T 1
0 12 24 36 48 60 72 84 96 108 120 132 144 156 0 12 24 36 48 60 72 84 96 108 120 132 144 156
Number at risk Time from study entry (months) Time from study entry (months)

Lowrisk 341 339 331 320 279 270 224 169 118 81 40 20 8 0 186 181 173 168 152 146 125 84 56 39 26 11 3 O
Intermediate risk 474 452 441 415 352 312 232 143 83 52 27 13 5 1 200 191 180 168 137 125 88 55 35 22 10 5 1 O
Highrisk 337 314 284 256 205 178 120 69 40 19 12 4 1 0 147 130 117 98 84 69 52 24 17 13 6 2 1 0
Veryhighrisk 62 46 31 25 16 13 5 3 0 - -« = . . 52 43 30 20 14 8 2 1 1 0 P

Figure 1. Overall survival according to the CLL-IPI risk groups based on (A) the training set of 1214
patients and (B) the internal validation dataset of 585 cases. Adapted from The International CLL-IPI
working group. (26)

Criteria for treatment initiation proposed by the iwCLL working group are active or
symptomatic disease and rapid progression, whereas patients with asymptomatic early
stage (Rai 0-II, Binet A or B) disease do not benefit from early therapeutic intervention
and should only be monitored for substantial signs of progression (‘watch and wait
strategy’). (4, 27) In cases with progressive, symptomatic or active disease based on
defined criteria by the iwCLL working group (Table 2), therapy should be initiated with

chemoimmunotherapeutic or targeted agents.

Table 2. Criteria to define active disease according to the iwCLL guidelines (4)

Evidence of progressive bone marrow failure manifested as the development or
worsening of anemia and/or thrombocytopenia

Massive (i.e. >6 cm below the left costal margin) or progressive or symptomatic
splenomegaly

3 Massive nodes (i.e. >10 cm in longest diameter) or progressive or symptomatic
" lymphadenopathy

10
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Progressive lymphocytosis with an increase of >50% over a 2-month period, or
4. lymphocyte doubling time <6 months. Factors contributing to lymphocytosis other
than CLL (eg, infections, steroid administration) should be excluded.

Autoimmune complications including anemia or thrombocytopenia poorly
responsive to corticosteroids

6. Symptomatic or functional extranodal involvement (eg, skin, kidney, lung, spine)

7. Disease-related symptoms as defined by any of the following:

a) Unintentional weight loss >10% within the previous 6 months
b) Significant fatigue (i.e. Eastern Cooperative Oncology Group performance
scale 2 or worse; cannot work or unable to perform usual activities).

c) Fevers >38.0°C for 2 or more weeks without evidence of infection
d) Night sweats for >1 month without evidence of infection

1.3. Therapeutic landscape of CLL
1.3.1.Chemotherapeutic and chemoimmunotherapeutic modalities

First systematic treatment option for CLL introduced in the 1960s was the use of steroids
and the first-in-class alkylating agent chlorambucil applied in both front-line and relapsed
CLL. Chlorambucil-based therapy was followed by the introduction of another alkylating
agent cyclophosphamide and the nucleoside analogue fludarabine laying the foundations
of combined chemotherapeutic protocols in CLL. Fludarabine-cyclophosphamide (FC)
combination therapy was the first major breakthrough in the treatment of the disease
achieving complete response (CR) rates and overall response rates (ORR) of 24% and
94%, respectively, and has become the first treatment of choice in front-line setting since
2007. (28) Introduction of the anti-CD20 antibody rituximab in 2005 brought the era of
chemoimmunotherapy in CLL via the combined application of rituximab with the FC
regimen (FCR). FCR was the first chemotherapy-based regimen to induce and sustain
durable CR and achieve improved OS rates compared to FC. Today
chemoimmunotherapy is mostly reserved for the front-line treatment of young and fit

CLL patients carrying mutated IGHV without 7P53 disruption. (10)
1.3.2.Novel targeted agents in CLL

Clinical management of cases with relapsed or therapy refractory (R/R) CLL or

treatment-naive disease with high-risk genetic features as well as older and unfit CLL

11
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patients has been revolutionized by the introduction of novel targeted agents. Over the
last decade, a handful of potent targeted drugs with various targets have been introduced

to clinical practice (Figure 2).
1.3.3. B cell receptor signalling pathway inhibitors

B cell receptor (BCR) signalling pathway activation supports CLL cell survival, and its
continuous or repetitive signalling is pivotal in leukemogenesis implying the specific
inhibition of the BCR signalling pathway as an encouraging strategy for the treatment of
CLL. (29) Targeting the tyrosine kinase members of BCR signalling, particularly the
Bruton’s tyrosine kinase (BTK) and the phosphatidylinositol 3 kinase (PI3K), has
substantially improved the therapeutic landscape of B cell malignancies and led to
remarkable response rates in high-risk CLL patient populations.

B cell
receptor

EC space

BH3-only Antiapoptotic

proteins proteins IC space

| Ibrutinib
L BTK} Acalabrutinib

Zanubrutinib
|— Venetoclax Pirtobrutinib
Idelalisib —|

Duvelisib R/
\/ BAX D IP3

BAK

_|_

DAG

Mitochondrial outer membrane
permeabilization

|

Y ... .
I (oo
) . ) .

. Proliferation, cell survival
Apoptosis through NF-kB

v

Figure 2. Targeted agents and their respective intracellular targets in CLL. Recently, the irreversible
Bruton’s tyrosine kinase (BTK) inhibitors ibrutinib, acalabrutinib and zanubrutinib together with the Bcl-
2 inhibitor venetoclax have entered clinical practice achieving remarkable response rates across
heterogeneous patient populations. The reversible Btk inhibitor pirtobrutinib, and the PI3K inhibitors
idelalisib and duvelisib also confer durable remissions, however their use in standard patient care is limited

in Hungary.

12
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13.3.4. Phosphatidylinositol 3 kinase inhibitors

Currently, two novel agents targeting PI3K, namely idelalisib and duvelisib, have been
approved by the Food and Drug Administration (FDA) in R/R settings. Based on the
results of a phase 1 clinical trial, specific targeting of the constitutively activated PI3KS
in patients with extensive prior therapy by first-in-class agent idelalisib plus rituximab
combination resulted in an ORR of 72% with a median progression free survival (PFS)
of 15.8 months. (30) Single agent dual inhibitor of PI3Kd and y duvelisib showed an ORR
of' 56% in a phase 1 trial involving 55 R/R CLL patients and is approved for the treatment
of CLL after at least two prior lines of therapy. (31) Despite the remarkable response rates
and notably the beneficial effect of idelalisib in cases with complex karyotype, today the
use of PI3K inhibitors is limited to the treatment of R/R CLL patients with comorbidities,
with other BCR antagonist tyrosine kinase inhibitors extending to clinical practice in

Hungary. (32)
13.3.B. Inhibition of the Bruton’s tyrosine kinase in CLL

Irreversible inhibitors of the Btk protein have essentially changed the treatment of patients
with high risk CLL by inducing apoptosis in B cell malignancies through the disruption
of downstream activation of the BCR pathway. This widely used class of targeted drugs,
particularly ibrutinib, binding covalently to Btk are very potent therapeutic agents and

together with Bcl-2 inhibition have become the main pillars of targeted therapy in CLL.

The first-in-class small molecule Btk inhibitor ibrutinib confers remarkable response
rates in both treatment-naive and R/R settings. (33-37) In one of the first pivotal trials
with ibrutinib involving 85 patients with R/R CLL and small lymphocytic leukemia by
Byrd and colleagues, ORR proved to be 71% in the heavily pre-treated patient population.
(35) At 26 months of follow up, PFS and OS rates were 75% and 83%, respectively. An
important finding of this study was that the response to ibrutinib seemed not to be
influenced by clinical and genetic risk factors, such as advanced disease stage, number of
prior therapy lines or the presence of del(17p), suggesting that ibrutinib achieves efficient
disease control in both R/R and treatment-naive high risk CLL. Since then, multiple phase
1-3 clinical trials (such as the pivotal RESONATE and RESONATE-2 studies) and real-
world cohort analyses have shown the survival advantage conferred by ibrutinib over

standard therapies, although one study by Thompson and colleagues reported inferior

13
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outcome in R/R CLL patients with complex karyotype treated with ibrutinib-based
regimens. (38-43)

Long-term follow up of patients treated with ibrutinib unveiled a distinct toxicity pattern
putatively associated with multi-kinase inhibition and off-target effects. Most common
side effects in ibrutinib-treated patient populations are cardiovascular abnormalities,
including arrythmias, particularly atrial fibrillation requiring therapeutic anticoagulation,
cardiac failure and bleeding. (10) Overall, despite the moderate toxicities, continuous Btk
inhibition by ibrutinib is today widely used in clinical practice in both R/R cases and
treatment-naive patients carrying high-risk genetic features, such as 7P53 dysfunction

and unmutated IGHV.

Recently, second generation, more selective irreversible BTK inhibitors, such as
acalabrutinib and zanubrutinib were introduced to patient care in order to improve the
efficacy and safety of BTK inhibition. Acalabrutinib was approved by the FDA in 2019
based on the results of the phase 3 clinical trials ELEVATE-TN and ASCEND involving
535 previously untreated and 310 R/R CLL patients, respectively. (44, 45) Median PFS
and median OS were not reached in the acalabrutinib arms of either study, suggesting
acalabrutinib as a potent novel agent in Btk inhibition. Zanubrutinib also demonstrated
higher specificity and milder off target effect compared to ibrutinib in a phase 1 trial
involving multiple B cell malignancies and was approved by the FDA in 2022 based on
the results of the phase 3 clinical trials SEQUOIA and ALPINE in both R/R and front-
line settings. (46-48) Although these novel agents together with the reversible BTK
inhibitor pirtobrutinib (49) might address the unmet need for patients with intolerance to
conventional BTK inhibition by ibrutinib, their use is mostly limited to clinical trials and

has not yet been extended to standard-of-care clinical practice. (10)
1.3.4.Molecular background of resistance to ibrutinib

Despite the high response rates and prolonged PFS with ibrutinib, eventual loss of
efficacy and subsequent Richter’s transformation or acquired ibrutinib resistance occur
in some patients, alike with other targeted therapies in hematologic and solid tumors.
While Richter’s transformation is recognized to occur within the first two years of
ibrutinib therapy and its cumulative incidence plateaus after the third year, secondary or

acquired ibrutinib resistance and subsequent progressive CLL emerges after longer

14
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periods of targeted treatment (Figure 3). (50-54) Progressive CLL typically occurs two to
five years after therapy initiation and is the leading cause of treatment failure. (52) Since
secondary ibrutinib resistance confers dismal outcomes, early detection of loss of efficacy
could potentially allow for the introduction of alternative treatment strategies with ideal

timing over the disease course and the identification of patients who may benefit from

change of therapy.
Richter's transformation Progressive CLL
(/‘\w/ﬁ\\
e
\\K,/’\/‘
O®
| iy g
Resistance Wild-type tumor
mutation-bearing cells

tumor 9 ‘

Early relapse Late relapse

\ 4

Figure 3. (Sub)clonal evolution of malignant cells in chronic lymphocytic leukemia (CLL). Over the
disease course, proportion of CLL cells harbouring distinct subclonal genetic changes (green, red, and blue
cells), present in small compartments in the original tumor cell population (pink cells), increases due to the
positive selection pressure created by the different therapeutic agents. Following subclonal expansion

underlying late relapse, the tumor’s genetic profile differs significantly from its pre-treatment state.

Progressive CLL on ibrutinib is strongly associated with acquired (somatic) mutations in
the ibrutinib binding site of BTK and/or the phospholipase Cy2 (PLCG2) protein directly
downstream of BTK in the BCR signalling pathway. Although additional del(8p) has also
been linked to ibrutinib-relapsed cases by Burger and colleagues, BTK and PLCG2
mutations are observed in the vast majority (up to 100%) of the patients experiencing
progressive CLL on ibrutinib. (53, 55-57) BTK p.Cys481Ser missense mutation located
at the ibrutinib binding site is by far the most common alteration associated with acquired
ibrutinib resistance. The alteration diminishes the covalent binding between the protein
and ibrutinib, thus rendering ibrutinib a reversible inhibitor of BTK. (58-60) Despite the
decreased BTK binding affinity, ibrutinib still allows for partial disease control in the

presence of BTK p.Cys481Ser via competitive binding; however, imminent disease

15
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progression may necessitate an alternative treatment strategy to prevent or overcome a

potential clinical relapse in patients harbouring this genetic alteration. (61)

Cysteine-to-serine mutation in BTK at the ibrutinib-binding cysteine residue was first
identified by Woyach and colleagues in five patients with progressive CLL treated with
ibrutinib. The authors performed whole exome sequencing of samples obtained at the
time of clinical relapse. (58) Since then, multiple studies from clinical trials and
international research groups as well as our research group have confirmed BTK
p.Cys481Ser as the predominant alteration driving ibrutinib resistance and implied the
mutation as a potential biomarker candidate for molecular disease monitoring in ibrutinib-
resistant CLL. (54, 56, 62) However, temporal dynamics of the BTK p.Cys481Ser and
correlations between the emergence of the resistance mutation and disease progression

are still largely unknown.
1.3.5.The role of the Bcl-2 inhibitor venetoclax in CLL

B cell lymphoma 2 (Bcl-2) protein family plays a pivotal role and are key regulators of
apoptosis. (63) Disturbing the delicate balance of pro-apoptotic and pro-survival Bcl-2
proteins and shifting toward the latter is an endorsed mechanism of tumorigenesis by
cancer cells evading programmed cell death. Profound genetic changes, notably
translocations, affecting BCL2, the founding member of the Bcl-2 family, have been
previously described in follicular lymphoma, however its therapeutic significance
became particularly apparent in CLL with first-in-class Bcl-2 inhibitor venetoclax

restoring the apoptotic function and changing the treatment paradigm of the disease.

Venetoclax is a BH3 mimetic agent delivering remarkable results with CR rates up to 30-
50% through direct inhibition of the pro-apoptotic Bcl-2. (64-67) Currently, venetoclax-
based treatment options include continuous monotherapy or fixed duration venetoclax
plus anti-CD20 obinutuzumab combination for one year in front-line cases or venetoclax
plus rituximab combination for two years in R/R cases. (65, 66, 68) Unlike with ibrutinib,
based on initial results from two clinical trials, a dose escalation scheme was established
to prevent life-threatening tumour lysis syndrome with a weekly dose ramp-up to 400 mg

per day of venetoclax in both continuous and time-limited treatment setups. (64, 69)

In a pivotal phase 1/2 clinical trial by Roberts and colleagues, continuous single agent

venetoclax therapy induced and sustained CR in 20% of a heavily pre-treated patient
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population with 89% of the patients having clinical or genetic risk factors associated with
poor prognosis. (64) These results were later confirmed by another clinical trial conducted
by Stilgenbauer and colleagues in 107 patients with R/R CLL harbouring del(17p). (70)
In this multicentre phase 2 study, ORR was 79.4% after a median 12.1 months of follow
up, suggesting continuous venetoclax monotherapy as an encouraging and potent

therapeutic option for patient with very poor prognostic features.

The combination of venetoclax plus rituximab was first investigated in 49 patients with
R/R CLL by Seymour and colleagues, with ORR and CR of 86% and 51%, respectively.
(71) In the phase 3 MURANO trial comparing venetoclax plus rituximab to rituximab
plus bendamustine combination including 389 cases with R/R disease, patients received
venetoclax for up to two years complemented by rituximab in the first 6 months of
therapy. (65, 72) At the 5-year follow up, median PFS was 53.5 months in the venetoclax
plus rituximab cohort with a 5-year OS of 82.1%. (73) These results together established
the fixed duration venetoclax p/us rituximab combination as a new promising second-line

treatment in CLL.

Venetoclax plus obinutuzumab combination was initially evaluated within the framework
of the pivotal phase 3 CLLI14 study involving 12 previously untreated patients with
coexisting conditions and showed an impressive ORR of 100% and undetectable (<10%)
minimal residual disease (MRD) in the peripheral blood in all cases. (66) Selected patients
received venetoclax for up to one year completed by obinutuzumab in the first 6 month
of therapy. Full cohort analysis and follow up of 432 patients from the CLL14 protocol
showed a 4-year PFS of 74% in the venetoclax-obinutuzumab arm with median PFS not
reached. (74) Importantly, response to venetoclax plus obinutuzumab combination
therapy seemed independent from poor prognostic features, such as 7P53 disruption and
unmutated IGHV. An additional important finding of the CLL14 trial was the very high
rate of undetectable MRD remissions achieved in 76% of the venetoclax-treated patients.

(66)

Data from sizeable cohort studies suggest venetoclax as a potent novel targeted agent
with favourable toxicity pattern with most common adverse effect being mild or
manageable neutropenia and infections. (10) Overall, both continuous and time-limited

inhibition of Bcl-2 by venetoclax is an encouraging and today widely used treatment
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strategy in CLL, achieving remarkable results, namely <10 MRD negativity, in older
and unfit patients as well as in patients with poor prognostic features in both front-line

and R/R settings.
1.3.6.Molecular background of resistance to venetoclax

Despite the notable response rates across numerous studies, durable remission is
eventually followed by loss of efficacy and subsequent progressive CLL in a subset of
patients. (64, 65) Acquired or secondary venetoclax resistance occurs in both continuous
and time-limited treatment setups and is the leading cause of treatment failure. Over the
past few years, a spectrum of genetic, epigenetic and transcriptional changes underlying
venetoclax resistance has been observed in vitro as well as under clinical circumstances.

(75)

Molecular mechanisms reported to be associated with secondary resistance include
changes in the pro-survival gene BCL2 diminishing venetoclax binding. So far, a handful
of mutations have been demonstrated to confer resistance by reducing or inhibiting
binding affinity of venetoclax to Bcl-2. Glycine-to-valine substitution emerging at
position 101 in the gene BCL2 mitigates the response to venetoclax in vitro via the
modulation of the BH3 binding domain and is associated with clinical resistance in up to
50% of the cases with progressive CLL. BCL2 p.Glyl01Val was first reported by
Blombery and colleagues in 7 venetoclax-resistant patients. (76) Several additional BCL?2
mutations, such p.Aspl103Tyr or p.Aspl103Gln directly disrupting the BH3 binding P4
pocket, have been observed in CLL patients establishing a complex co-operating
mutational pattern with co-existing BCL2 mutations driving venetoclax resistance. (77-
80) Interestingly, Kater and colleagues unveiled recurrent mutations in genes BIRC3,
BRAF, TP53, NOTCH1 and XPO1 but no BCL2 within the framework of the MURANO
trial. Mutations emerging in BCL2 associated with acquired resistance have been
observed only in continuous treatment, suggesting a putative alternative mechanism

driving leukemogenesis and progression in time-limited settings. (73)

The molecular changes underlying acquired venetoclax resistance further encompass
overexpression of the pro-survival BCL-XL, Bcl-2, MCL1 and XIAP, and the emergence
of complex karyotype. (75, 81-89) Mitochondrial metabolic reprogramming has also been
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described as a putative driver mechanism of venetoclax resistance through AMPK-

regulated oxidative phosphorylation in venetoclax-refractory CLL. (75, 87, 90)

Although the proportion of CLL clones harbouring genetic, epigenetic and translational
changes associated with venetoclax resistance varies widely from smaller subclones to
large tumour compartments, subclonal presence and cumulative abundance of genetically
and/or translationally altered leukemic cells are reported in the majority of the cases. (79)
Intriguingly, subclonality of mutation-bearing or anti-apoptotic protein-overexpressing
CLL cells have been observed even in patient samples obtained at the time of clinical
relapse implying the significant role of co-operating genetic and epigenetic events, and
CLL cell plasticity in evading venetoclax-induced apoptosis resulting in overt disease
progression. (76, 80-82) Recently, this multi-layered adaptation enabling CLL relapse
during venetoclax therapy has been further dissected by Thijssen and colleagues
unveiling ubiquitous NF-kB activation in CLL cells and suggesting MCLI1 as a direct
transcriptional target of NF-kB. (82)

1.4. Overcoming resistance hurdles in CLL

Significance of the early detection of resistance to BTK and Bcl-2 inhibition has been
increasing with the growing number of alternative therapeutic options available for
patients relapsing on targeted therapies. Monitoring of distinct genetic, epigenetic and
transcriptional changes conferring resistance to targeted agents allows for adequate

disease control using alternative classes of targeted drugs.

Patients with ibrutinib failure can be treated with agents targeting oncogenic pathways
PI3K-mTOR and Bcl-2. Ongoing trials and real-world datasets evaluating the efficacy of
subsequent Bcl-2 inhibition by venetoclax in ibrutinib-resistant CLL cases have reported
remarkable outcomes with the Bcl-2 antagonist conferring massive reduction of CLL
cells resistant to BTK inhibition. (91, 92) Further treatment strategies to tackle ibrutinib
resistance include the application of reversible BTK inhibitors effective against CLL cells
regardless of their BTK Cys481 status, SYK inhibitors, BTK degraders as well as CAR-
T cells. (93-96) Acquired venetoclax resistance may potentially be overcome by
subsequent covalent BTK inhibition using ibrutinib. So far, a handful of cohort studies

and the follow up from the MURANO study in ibrutinib-naive CLL patients
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discontinuing venetoclax have concluded that the efficacy of post-venetoclax BTK

inhibition did not seem to be altered by prior Bcl-2 antagonist treatment. (84, 97-100)

Although sequential resistance to both ibrutinib and venetoclax conferring dismal
outcomes and poor prognosis may occur in some cases, venetoclax plus ibrutinib
combination therapy and venetoclax re-treatment are interesting approaches to address
double class-resistant cases. (101-103) Combination therapy is also a promising
chemotherapy-free proposal in both R/R and treatment-naive patients without a prior
history of resistance. Considering the updated data from the phase 2 CLARITY trial
investigating time-limited venetoclax plus continuous ibrutinib in R/R settings, the
combination can provide synergistic activity targeting different CLL subpopulations,

with CR rates comparable to other venetoclax-based regimens. (104, 105)
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II. OBJECTIVES

With a series of studies, we aimed to unveil distinct genetic changes underlying resistance

to targeted therapies in CLL and to scrutinize the correlation between the emergence of

selected gene mutations and relapse or disease progression. We collected and analysed

specimens from CLL patients treated with ibrutinib or venetoclax with special emphasis

on pre-progression and progression samples to assess the clinical value and feasibility of

the sensitive screening for the most frequent resistance mutations. Our data may have

implications for the sensitive monitoring of targeted therapies which may allow for the

early detection of an impending relapse and the identification of patients who could

potentially benefit from change of therapy.

Specific objectives:

To develop a droplet digital polymerase chain reaction (ddPCR)-based method for
the detection of the most frequent resistance mutations conferring secondary
resistance to ibrutinib or venetoclax therapy

To dissect the temporal heterogeneity observed in R/R CLL in the context of
ibrutinib therapy by the molecular monitoring of the BTK p.Cys481Ser mutation
To unveil clonal evolution during venetoclax therapy by the molecular screening
for the most frequent variants BCL2 p.Gly101Val and p.Asp103Tyr, as well as
other pathogenic BCL2 mutations by targeted next-generation sequencing (NGS)
To assess the correlation between acquired ibrutinib resistance and the emergence
of BTK p.Cys481Ser

To assess the correlation between acquired venetoclax resistance and selected BCL2
mutations

To aid the standard-of-care monitoring of the efficacy of ibrutinib and venetoclax

therapies in CLL
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III.MATERIALS
III.1. Patient samples
1I1.1. Samples obtained from patients treated with ibrutinib

Serial PB samples were collected from 83 R/R CLL patients (49 males and 34 females;
median age at diagnosis: 57 years, range: 26-85 years) treated with ibrutinib. (60) This
cohort comprised a subset of 126 patients investigated within the framework of the
Hungarian Ibrutinib Resistance Analysis Initiative (MIRA). Selected patients received
single agent ibrutinib in a daily dose of 420 mg for a minimum of 13 months (median 36
months, range: 13-68 months). Our cohort represented a heavily pre-treated patient
population with a median 2 lines (range: 1-6 lines) of prior therapy. Median follow up
time was 40 months (range: 13-69 months) with over 90% of the samples collected
prospectively. Progressive disease and relapse were defined as the emergence of at least
one novel symptom based on the iwCLL criteria for active disease (4) and change of
therapy was issued at the physician’s discretion. Considering patients with progressive
CLL on ibrutinib, samples obtained prior to the first clinical signs of disease progression
were available in 56.8% (25/44) of the cases, while the first follow-up specimen of 19
patients was received at the time of CLL relapse or progression. Follow-up specimens
from patients carrying BTK p.Cys481Ser and/or progressing on ibrutinib were collected
with a median interval of 4 months (range: 1-11 months) allowing for temporal
monitoring of the resistance mutation. Clinical characteristics are summarised in

Supplementary Table 1.
11.1.2. Samples obtained from patients treated with venetoclax

Peripheral blood samples were collected from 67 patients (46 males and 21 females) with
R/R CLL treated with venetoclax monotherapy or venetoclax in combination with
rituximab. (106) Fixed duration venetoclax plus rituximab combination was applied in
23.9% (16/67) of the patients, with time-limited and continuous venetoclax monotherapy
administered in 7.5% (5/67) and 68.6% (46/67) of the cases, respectively. At the time of
last follow up, 11 patients have stopped the time limited venetoclax treatment after a
median 26 months (range: 7-32 months) due to subsequent deep remission. Similar to our
cases treated with ibrutinib, this CLL patient cohort also comprised a subset of patients

with prior BTK inhibition who had been investigated within the framework of the nation-

22



DOI:10.14753/SE.2023.2857

wide MIRA project. Following the ramp-up period, selected patients received venetoclax
in a daily dose of 400 mg for a median 20 months (1-83 months) complemented with
rituximab during the first 6 months of therapy in cases with fixed duration treatment
setup. Our cohort represented a pre-treated patient population with a median of 2 lines
(range: 1-6 lines) of prior therapy. Median follow-up time was 23 months (range: 1-83
months) with samples obtained at the time of last follow up in patients with no clinical
signs of disease progression. Progressive disease and relapse were defined as previously
described. In cases with progressive CLL, samples were collected at the time of clinical
relapse or progression after a median 14 months (range: 1-48 months) of venetoclax
therapy. Follow-up samples obtained from patients harbouring co-existing BCL2
mutations revealed by ultra-deep targeted sequencing were collected as part of the routine
diagnostic work-up and were analysed retrospectively. Clinical characteristics are

summarised in Supplementary Table 2.
111.1.3. Molecular, cytogenetic and flow cytometry analyses

Peripheral blood mononuclear cells (PBMCs) were separated by density gradient
centrifugation from the PB specimens following the assessment of leukemic cell purity
by flow cytometry using CD5/CD19/CD45 immunophenotypic markers. In cases with
low whole blood cell counts (i.e. low white blood cell count), leukemic cell purity was
assessed using CD19/CD5/CD22/CD43/CD79b/CD81/CD3/ROR1 immunophenotypic
markers following the most recent ERIC guideline on minimal residual disease
monitoring in CLL. (107) All reported mutation allelic burden values were normalised to
the leukemic cell fraction assessed by flow cytometry. DNA isolation was performed
using the High Pure PCR Template Preparation Kit (Roche Diagnostics, Basel,
Switzerland) following the manufacturer’s instructions. After DNA extraction, 7P53
mutations and the IGHV mutation status were analysed according to the most recent
ERIC guidelines. (19, 108) Chromosomal abnormalities, including del(11q), del(13q) and
del(17p), as well as the trisomy of chromosome 12, were investigated by FISH using
dual-colour Vysis probe sets (Abbott Molecular, Illinois, USA). PBMCs from five and
three healthy volunteers were used as negative controls in BTK and BCL2 ddPCR
mutation analyses, respectively. Written informed consent was obtained from every
participant. Both studies were approved by the Hungarian Medical Research Council (ID:
5495-3/2021/EKU) and were conducted in accordance with the Declaration of Helsinki.
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I11.2. Droplet digital PCR

Screening and quantitative assessment of the BTK p.Cys481Ser (single tube mutant/wild-
type allele assay: dHsaMDS802598840) and selected BCL2 resistance mutations
(p.Gly101Val, no Bio-Rad ID; p.Asp103Tyr, no Bio-Rad ID; p.Asp103Glu, single tube
mutant/wild-type allele assay: dMDS433558996; p.Alal13Gly, mutant allele assay:
dHsaMDW3410683143, wild-type allele assay: dHsaMDM3410683141; p.Vall56Asp,
single tube mutant/wild-type allele assay: dHsaMDS355891150) were screened by
ddPCR using assays designed for the discriminative analysis of mutant and wild-type
alleles. (50, 106) Reactions were carried out on the QX200 Droplet Digital PCR platform
(Bio-Rad Laboratories, California, USA) according to the manufacturer’s instructions
with the recommended 90-100 ng of input DNA. Allelic burden of each mutation was
defined as fractional abundance (FA) calculated from the ratio of the number of mutant

DNA molecules (a) and the total number of mutant (a) plus wild-type (b) DNA molecules

detected: FA = a;:b. FA values were normalised to the CLL cell fraction measured by

flow cytometry. Quantitative reliability of the assays was determined with linearity
measurements using dilution series and the sensitivity of the ddPCR analysis was
assessed for each sample from the final droplet counts. The median lower limit of the

quantitative range could ubiquitously be determined as 0.01% FA.

IIL.3. Ultra-sensitive next-generation sequencing

Targeted ultra-deep NGS was performed on follow-up samples of ibrutinib-treated
patients harbouring the wild-type BTK Cys481 allele and progressing on ibrutinib, as well
as samples of venetoclax-treated patients with progressive CLL obtained at the time of
relapse or disease progression. NGS was carried out using a QIAseq Targeted DNA
Custom Panel (Qiagen, Hilden, Germany) covering four genes (BTK, PLCG2, BCL2 and
TP53) relevant to ibrutinib or venetoclax therapy and resistance. Libraries were prepared
according to the manufacturer’s recommendations and sequenced on a MiSeq platform
(Illumina, California, USA) with 150 bp paired-end configuration. Data processing and
bioinformatic analyses were performed with the smCounter2 workflow utilising unique
molecular identifier-based variant calling facilitating a highly accurate detection of low-

frequency variants. (109) Variants were annotated using the dbSNP, COSMIC, ClinVar,
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SnpSift and SnpEff databases with additional gene-specific The TP53 Database
(originally IARC database) and Seshat databases used for the annotation of somatic 7P53
mutations. (110, 111) Reported variant allele frequencies (VAF) were normalised to the

leukemic cell fraction assessed by flow cytometry.

II1.4. Statistics

GraphPad Prism 9.1.0 (GraphPad Software, California, USA) was utilised for calculating
median values and confidence intervals (CI), as well as for analysing the cumulative
incidence of disease progression in patients harbouring the BTK p.Cys481Ser resistance
mutation, and for performing the Mantel-Cox test to compare PFS and OS between
patients harbouring BCL2 resistance and cases with wild-type BCL2 Gly101 and Asp103.
The Mantel-Byar estimate of PFS in patients with or without detectable BTK
p.Cys481Ser resistance mutation was calculated by R version 4.0.2 (R Foundation for

Statistical Computing, Vienna, Austria).
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IV.RESULTS
IV.1. Molecular screening and monitoring of ibrutinib resistance
1V.1.1.Molecular and cytogenetic characteristics of the ibrutinib study cohort

Molecular and cytogenetic features considered as independent prognostic markers in CLL
[del(11q), del(13q), del(17p), trisomy 12, TP53 mutations, IGHV mutation status] were
screened as part of the standard-of-care diagnostic work-up (Supplementary Table 1).
TP53 mutation status screened by ultra-deep NGS and del(17p) status analysed by FISH
were available in 75/83 and 81/83 of the ibrutinib-treated cases, respectively. Further
cytogenetic abnormalities identified by FISH, such as del(11q), del(13q) and trisomy 12,
were identified with a frequency of 15.7%, 26.5% and 12.0%, respectively. IGHV
mutation status was available in 79 cases with 87.3% of them carrying IGHV-U. High
risk genetic features conferring adverse prognosis were identified in 89.2% (74/83)
patients, which together with the failure of prior therapy lines is a strong indicator that
our selected patients adequately represented a real-world R/R patient cohort typically

selected for ibrutinib therapy.
1V.1.2. Ultra-sensitive screening for the BTK p.Cys481Ser resistance mutation

Screening for the BTK p.Cys481Ser mutation associated with acquired ibrutinib
resistance was performed both retro- and prospectively on a total of 305 PB-derived
samples using a highly sensitive (10#), custom-designed locus specific ddPCR assay.
With a median follow up of 40 months (range: 13-69 months), BTK p.Cys481Ser was
detected in 48.2% (40/83) of the patients with 80.0% (32/40) of them experiencing relapse
or disease progression during the follow up period. These 32 patients represented 72.7%
(32/44) of all cases with progressive CLL or relapse. Median FA value at the time of
relapse or disease progression was 10.66% (range: 0.01-90.00% ; 95% CI: 3.0-23.0%).
Richter’s transformation was not observed among the 40 patients harbouring BTK

p.Cys481Ser.
1V.1.3. Time-resolved monitoring of the BTK p.Cys481Ser mutation

The 32 patients carrying detectable BTK p.Cys481Ser and experiencing acquired ibrutinib
resistance underwent disease progression after median 38 months (range: 13-65 months;

95% CI: 32.0-44.0 months) of ibrutinib therapy. In 19 patients with samples obtained
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prior to disease progression, emergence of the resistance mutation preceded the first
clinical signs of ibrutinib failure with median 9 months (range: 0-28 months; 95% CI:
3.0-12.0 months) as shown in Figure 4 and 5. Cumulative incidence of disease
progression in patients with pre-progression samples available for monitoring and

harbouring BTK p.Cys481Ser is depicted in Figure 6A.
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A Figure 4. Treatment timeline of 19 patients with relapsed or therapy refractory chronic lymphocytic
leukemia carrying the BTK p.Cys481Ser ibrutinib resistance mutation and experiencing relapse or
disease progression during the follow up period. Blue wedges denote the timepoint of the emergence
of BTK p.Cys481Ser with red wedges indicating the first clinical observation of relapse or disease
progression. First detection of the resistance mutation predated the first clinical signs of progression
with median 9 months (range: 0-28 months) as indicated by the red bars. Subsequent venetoclax

therapy was applied in 89.5% (17/19) of the patients represented by yellow bars.

Median FA values of BTK p.Cys481Ser at the time of first detection versus at the time of
relapse or disease progression were 0.385% versus 10.66%, demonstrating a median 28-

fold increase in the allelic burden of the resistance mutation (Figure 6B).
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Figure 5. Temporal dynamics of the BTK p.Cys481Ser resistance mutation in two patients with relapsed
or therapy refractory chronic lymphocytic leukemia treated with ibrutinib. (A) In Patient #13, the resistance
mutation was first detected after 27 months of ibrutinib therapy with a fractional abundance value (FA) of
0.07%. Emergence of BTK p.Cys481Ser preceded the first clinical observation of disease progression by
25 months. In the last sample obtained at the time of progression BTK p.Cys481Ser was detected with an
FA value of 16.7% demonstrating a 239-fold increase in the allelic burden of the mutation. (B) In Patient
#35, emergence of the BTK p.Cys481Ser mutation was observed after 37 months of BTK inhibition with
an FA value of 0.02% and its first detection predated the first clinical signs of disease progression by 28
months. The mutation with gradually increasing allelic burden was detectable across the samples received
during the examined period. In the latest sample obtained two months after the first clinical observation of
progression, BTK p.Cys481Ser was detected with an FA value of 70%, representing a 3,500-fold increase

in the allelic burden of the mutation compared to its first detection.
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Figure 6. Disease progression and fractional abundance (FA) of the BTK p.Cys481Ser mutation in patients
harbouring the variant. (A) Cumulative incidence of chronic lymphocytic leukemia (CLL) progression after
the emergence of BTK p.Cys481Ser. (B) FA values of BTK p.Cys481Ser in individual patients at the time
of first detection versus at the time of relapse or disease progression. FA values of the resistance mutation
showed an increasing tendency ubiquitously across the cases, including 11 male and 8 female patients.
Patients with an allelic burden of the X chromosome-linked B7K gene mutation higher than 50% at the

time of disease progression were all males.

Mantel-Byar test was performed to analyse CLL progression on ibrutinib with all patients
starting in the BTK Cys481 wild-type group and being transferred to the BTK
p.Cys481Ser mutant group upon first detection of the resistance mutation. A significantly
inferior PFS rate was observed among patients acquiring BTK p.Cys481Ser compared to

cases with wild-type BTK Cys481 (p value <0.00001; Figure 7).
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Figure 7. Disecase Mantel-Byar estimate of progression-free (PFS) survival from the first detection of BTK
p-Cys481Ser. Patients experiencing disease progression with samples obtained prior to relapse and cases

with no clinical signs of progression were included in the analysis.

1V.1.4. Management of secondary ibrutinib resistance in patients with BTK p.Cys481Ser

Due to ibrutinib failure and subsequent disease progression, 87.5% (28/32) of the patients
carrying BTK p.Cys481Ser have discontinued ibrutinib treatment. Successive Bcl-2
inhibition by venetoclax was applied in all these cases resulting in clinical remission and
elimination of the BTK p.Cys481Ser mutant CLL subclones within median 3 months
(range: 2-7 months) across the patients. Despite the remarkable and durable response rates
and decrease in the allelic burden of BTK p.Cys481Ser (Figure 8A), 8 patients
experienced relapse or disease progression, and developed secondary venetoclax
resistance during the follow-up period (Figure 8B). Six out of these 8 patients have
succumbed to their disease without receiving any subsequent therapy, while two patients
are still alive to date with one of them undergoing hematopoietic stem cell transplantation

and the other patient receiving salvage chemoimmunotherapy.
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Figure 8. Temporal dynamics of the BTK p.Cys481Ser mutation in two patients with relapsed or therapy
refractory chronic lymphocytic leukemia treated with ibrutinib and subsequent Bcl-2 inhibitor venetoclax
therapies. (A) In the longitudinally collected samples of Patient #6 BTK p.Cys481Ser was first detected
after 24 months of ibrutinib therapy with an FA value of 0.27%, predating the first clinical observation of
disease progression with 12 months. In the sample obtained during the ramp-up period of subsequent
venetoclax therapy was observed followed by a sharp decrease in the allelic burden of the mutation.
Mutation-bearing CLL cells were eliminated by the Bcl-2 inhibitor therapy and the BTK p.Cys481Ser
resistance mutation was undetectable in the follow-up samples obtained during the 6 months of venetoclax
therapy. The patient was still alive and well at the time of last follow-up and showed no signs of relapse or
disease progression. (B) BTK p.Cys481Ser in Patient #3 was detected after 26 months of ibrutinib treatment
preceding the first clinical signs of disease progression by 12 months. After ibrutinib failure, subsequent
venetoclax therapy was administered resulting in a sharp decrease the FA values of the resistance mutation.
Despite the abrupt reduction of the allelic burden of BTK p.Cys481Ser, recurrence of the resistance
mutation was observed after 5 months of venetoclax therapy predating a second disease progression by 5
months. The patient eventually developed acquired venetoclax resistance with an increasing FA value of

BTK p.Cys481Ser and succumbed to her disease 5 months after the first clinical signs of venetoclax failure.

1V.1.5. Patients harbouring the BTK p.Cys481Ser mutation with no signs of disease

progression

BTK p.Cys481Ser resistance mutation was detected in 8 patients with no clinical evidence
of relapse or disease progression during the follow up period (Figure 9). These cases
represent 20.0% (8/40) and have continued ibrutinib therapy with the mutation regularly
monitored by ddPCR. At the latest follow up timepoint, the median FA value of the
resistance mutation was 0.69% (range: 0.20%) after median 43 months (range: 23-68
months) of ibrutinib therapy. Intriguingly, emergence of the B7K p.Cys481Ser was later
followed by the complete elimination of the acquired mutation in 3 cases. Quantitative

ddPCR analyses of the sequential samples from the remaining 5 patients unveiled an
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increasing tendency of the FA values of the BTK p.Cys481Ser resistance mutation,
highlighting the significance of the clinical and molecular monitoring of these patients
for signs of an impending relapse. Two patients carrying BTK p.Cys481Ser and not
experiencing relapse or disease progression died from reasons unrelated to CLL during

the examined period, with last measured BTK p.Cys481Ser FA values of 0.08% and
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19.1%, respectively (Figure 9).
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Figure 9. Treatment timeline of 8 patients harbouring BTK p.Cys481Ser with no clinical evidence of
disease progression during the study period. In this cohort, representing 20% (8/40) of the patients,
emergence of the mutation was detected after median 28 months (range: 19-44 months) of ibrutinib therapy
as denoted by blue wedges. Fractional values (FA) of BTK p.Cys481Ser in blue represent the allelic burden

of the mutation at the time of first detection, while black FA values denote the allelic burden at the time of
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1V.1.6.Secondary ibrutinib resistance in patients with wild-type BTK Cys481

Twelve patients progressing on ibrutinib harboured wild-type BTK Cys481 assessed by
ddPCR. This patient group, representing 27.3% of the patients experiencing relapse
(12/44), exhibited the first clinical signs of relapse or disease progression after median 26
months (range: 13-56 months) of ibrutinib therapy. As an attempt to investigate and
unveil alternative genomic aberrations leading to acquired ibrutinib resistance, targeted
ultra-deep sequencing covering all coding regions of the BTK, PLCG2 and TP53 genes
with a median depth of 4,133x (range: 3,390-13,856%) was performed on samples
obtained from these patients within median 1.5 months (range: 0-7 months) of the first
clinical signs of disease progression. Ultra-deep NGS uncovered a novel PLCG2 gene
mutation in the TIM (X-box) domain of the protein in one patient with no additional
mutation affecting the BTK and/or PLCG?2 genes in the analysed patients. The observed
PLCG2 p.Asp334Gly (c.1001A>G) variant is a previously unreported finding in
ibrutinib-resistant R/R CLL; however, the aspartic acid-to-glycine substitution at the
Asp334 residue has already been found to be associated with Richter’s transformation by
Maddocks and colleagues. (52) Somatic variants detected by ultra-deep NGS in patients
having wild-type BTK Cys481 and progressing on ibrutinib are listed in Supplementary
Table 3.

IV.2. Molecular monitoring of venetoclax resistance
1V.2.1. Molecular and cytogenetic characteristics of the venetoclax study cohort

Similar to our cases treated with ibrutinib, independent cytogenetic and molecular
prognostic biomarkers were assessed as part of the routine diagnostic workflow (Table
6). Del(17p) status and 7P53 mutation positivity were available in 94.0% (63/67) and
83.6% (56/67) of the cases, respectively with patients harbouring del(17p) and/or TP53
mutation(s) comprising 40.3% (27/67) of the analysed patient population. Additional
cytogenetic aberrations including del(11q), del(13q) and trisomy of chromosome 12 were
identified in 22.4% (15/67), 22.4% (15/67) and 11.9% (8/67) of the cases, respectively.
IGHV mutation status was assessed in 52 patients, with 82.7% (43/52) of them carrying
unmutated IGHV (IGHV-U). High-risk genetic features associated with adverse
prognosis, including 7P53 aberrations and IGHV-U status, were observed in 83.6%
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(56/67) of the study cohort, which together with the failure of prior therapy lines depicted

a real-world R/R patient population typically selected for venetoclax therapy.
1V.2.2.Sensitive screening for BCL2 p.Gly101Val and p.Asp103Tyr

Screening for BCL2 p.Gly101Val and p.Asp103Tyr was performed on samples obtained
from 67 R/R CLL patients using locus-specific ddPCR assays designed and optimized for
the sensitive (10#) interrogation of these two mutational hotspots. BCL2 p.Gly101Val
and p.Aspl03Tyr were detected in 10.4% (7/67) and 11.9% (8/67) of the cases,
respectively, with 4 patients harbouring both mutations. The two resistance mutations
were first observed after median 15 months (range: 5-48 months) of venetoclax therapy.
Ten out of eleven (90.9%) patients carrying p.Glyl01Val and/or p.Aspl03Tyr
experienced relapse or disease progression, representing 43.5% (10/23) of all cases
developing secondary venetoclax resistance during the follow-up period. Richter’s
transformation was observed in one patient tested positive for BCL2 p.Gly101Val and in
another patient with wild-type Gly101 and Asp103 alleles after 15 and 25 months of
venetoclax therapy, respectively. Intriguingly, all BCL2 p.Gly101Val and p.Asp103Tyr
variants were detected in patients receiving venetoclax as a continuous single-agent
treatment, while the two resistance mutations were not observed during or after fixed
duration venetoclax therapy. Median FA values of p.Gly101Val and p.Asp103Tyr at the
time of sample collection were 0.29% (range: 0.047%-7.8%) and 0.28% (range: 0.018%-
8.94%), respectively. Median FA value of BCL2 p.Asp103Tyr at the time of sample
collection in four cases with wild-type G101 was 0.023% (range: 0.015-0.16%). Since
BCL2 p.GlylOl1Val and p.Aspl03Tyr were exclusively detected in patients with
continuous venetoclax therapy, cases with time-limited treatment setup were excluded
from the PFS and OS analyses. In the analysed patient population, significantly inferior
PFS as defined by the iwCLL 2018 criteria (4) was observed among patients carrying
BCL2 p.Gly101Val and/or p.Asp103Tyr mutations as compared to cases with wild-type
BCL2 Gly101 and Asp103 loci (Mantel-Cox test, p value = 0.0192) (Figure 10A). No
significant difference in OS rates was observed between the two patient populations with
subsequent lines of therapy applied in both cohorts (Mantel-Cox test, p value = 0.6904)
(Figure 10B). TP53 mutation positivity and number of prior therapy lines did not
influence the PFS in the analysed patient cohort (Figure 10C and D).
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Figure 10. Progression-free survivals (PFS) and overall survival (OS) of patients with relapsed or therapy
refractory chronic lymphocytic leukemia (CLL) receiving continuous venetoclax therapy. (A) PFS was
significantly shorter in patients harbouring BCL2 p.Gly101Val and/or p.Aspl03Tyr compared to BCL2
Gly101 and Aspl03 wild-type cases. Data were censored at the time of last follow-up in patient not
experiencing disease progression. (B) While a trend towards shorter was also observed among patients with
BCL2 p.Gly101Val and/or p.Asp103Tyr, no statistical significance has been reached between the two
populations. (C) No significant difference was observed in the PFS of patients carrying 7P53 disruptions
(deletion of 17p and TP53 mutations) compared to cases with wild-type 7P53. (D) The number of prior
therapy lines (1-3 versus 4-6) did not significantly influence the PFS in CLL patients with continuous

venetoclax therapy.

1V.2.3. Management of secondary venetoclax resistance in patients with p.Glyl101Val
and/or p.Asp103Tyr

Due to acquired venetoclax resistance and subsequent disease progression, 90.9% (10/11)
of the patients harbouring BCL2 p.Gly101Val and/or p.Asp103Tyr have discontinued
single agent venetoclax after median 21 months (range: 10-48 months) of Bcl-2 inhibition

(Figure 11). Successive BTK inhibition by ibrutinib was administered in 60% (6/10) of
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the cases, from which one patient received ibrutinib in combination with continued

venetoclax treatment.
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A Figure 11. Treatment timeline of 11 patients treated with continuous venetoclax therapy and
harbouring BCL2 p.Gly101Val and/or p.Asp103Tyr. Ten out of 11 patients experienced relapse or
disease progression during the follow-up period with six of them receiving subsequent ibrutinib
monotherapy or salvage ibrutinib plus venetoclax combination. In 4 cases with samples obtained prior
to disease progression, emergence of the BCL2 p.Gly101Val and/or p.Asp103Tyr predated the first
clinical signs of relapse with a median of 11 months (range: 6-16 months). One patient (P58) carrying
BCL2 p.Asp103Tyr was still alive and well at the time of last follow-up without showing any clinical

signs of disease progression after 22 months of venetoclax therapy.

Despite the temporary regression in clinical symptoms across the patients, three patients
receiving salvage ibrutinib developed secondary ibrutinib resistance after median 28
months (range: 1-29 months) of BTK inhibition, with two out of six patients succumbing
to their disease without receiving any further treatment. One patient developing
detectable BCL2 p.Gly101Val and p.Asp103Tyr mutations on venetoclax and receiving
subsequent ibrutinib therapy died from reasons unrelated to CLL during the follow-up
period. Three out of 10 mutation-bearing patients progressing on venetoclax have died
without receiving any subsequent therapy, with one out of 3 patients undergoing Richter’s
transformation. One patient harbouring BCL2 p.Gly101Val was still alive to date at the
time of last follow-up after 22 months of continuous venetoclax monotherapy with no

clinical signs of relapse or disease progression.
1V.2.4. Additional BCL2 mutations revealed by targeted next-generation sequencing

Ultra-deep targeted sequencing was performed on 18 samples obtained at the time of
relapse or disease progression, irrespective of their BCL2 Gly101 and Asp103 mutation
status previously assessed by ddPCR. The investigated patient population comprised of 9
cases with BCL2 p.Gly101Val and/or p.Asp103Tyr, and a subset (9 patients) of patients
with wild-type Glyl101 and Asp103 developing secondary venetoclax resistance after
median 15 months (range: 1-48 months) of targeted therapy. Targeted NGS was
performed covering all coding regions of BTK, PLCG2, BCL2 and TP53 with a median
depth of 4,242 x (range: 942-18,476x). NGS uncovered three additional BCL2 mutations,
namely p.Asp103Glu, p.Alal13Gly, p.Vall56Asp in four cases. Notably, all four patients
were previously found to harbour BCL2 p.Gly101Val and/or p.Asp103Tyr as assessed by
ddPCR, with no BCL?2 variants unveiled in BCL2 Gly101 and Asp103 wild-type cases.
Somatic variants uncovered by targeted NGS in samples collected at the time of disease

progression are listed in Supplementary Table 4.
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1V.2.5. Time-resolved monitoring of co-occurring BCL2 resistance mutations

Four patients harbouring multiple BCL2 mutations relapsed or experienced disease
progression after median 29 months (range: 18-48 months) of continuous single agent
venetoclax therapy (Figure 11). Quantitative ddPCR using locus-specific and custom-
designed assays was performed on longitudinally collected samples of all four cases
allowing for the retrospective temporal dissection of the additionally detected BCL2
variants p.Asp103Glu, p.Alal13Gly and p.Vall156Asp. In samples obtained at the time of
relapse or disease progression, median FA values of BCL2 p.Gly101Val, p.Asp103Tyr,
p-Aspl03Glu, p.Alal13Gly and p.Vall56Asp were 0.50% (range: 0.16-2.20%), 1.15%
(range: 0.05-3.40%), 1.16% (range: 0.37-1.95%), 0.37% (range: 0.05-5.76%), and 2.20%,
respectively. In all cases with samples obtained prior to progression, emergence of BCL2
p.Gly101Val and p.Asp.103Tyr, as well as co-occurring BCL2 mutations preceded the
first clinical signs of disease progression with median 11 months (range: 5-16 months)
(Figure 12A-C, Patient #43 harbouring exclusively p.Gly101Val mutation is not shown).
Allelic burdens of BCL2 p.Glyl01Val, p.Aspl103Tyr, p.Aspl03Glu, p.Alal13Gly and
p.Vall56Asp were increased at the time of relapse as compared to samples collected prior
to disease progression, demonstrating a median of 6.61-fold (range: 1.2-18.75) increase

in the FA values of each mutation over time (Figure 13).
1V.2.6.Secondary venetoclax resistance in cases with wild-type BCL2

Thirteen patients progressing on venetoclax harboured wild-type BCL2 Gly101 and
Aspl03 as assessed by ddPCR. This subset of patients represented 56.5% of the cases
developing secondary venetoclax resistance after median 13 months (range: 1-33 months)
of Bcl2 inhibition. Interestingly, all patients experiencing relapse or disease progression
received venetoclax as a continuous single agent therapy. Subsequent salvage chemo-
immunotherapy was applied in 2 cases. In one patient, successive rituximab was applied
in combination with continued venetoclax, and in one case, continuous venetoclax
monotherapy was complemented by salvage ibrutinib therapy. Eight patients have
succumbed to their disease after developing secondary venetoclax resistance without
receiving any subsequent lines of treatment. As an attempt to unveil alternative molecular
mechanisms underlying acquired venetoclax resistance, ultra-deep targeted sequencing

was performed on samples obtained at the time of disease progression available in 9 cases
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with wild-type BCL2Glyl01 and Aspl03 as described previously. Interestingly, no
further resistance mutations affecting the BCL2 gene were identified in any of the
analysed cases suggesting the presence of alternative genomic lesions localized outside
the coding region of BCL2, or the emergence of epigenomic/transcriptomic changes

eventually leading to manifest venetoclax resistance.
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Figure 12. Temporal dynamics of BCL2 mutations in 4 patients harbouring multiple variants associated
with venetoclax resistance. (A) In Patient #10, BCL2 p.Gly101Val and p.Asp103Tyr were first observed
after 13 months of continuous single-agent venetoclax therapy with fractional abundance (FA) values of
0.05% and 0.03%, respectively. Additionally, a co-existing subclonal variant p.Alal13Gly was identified
by ultra-sensitive droplet digital PCR (ddPCR). First detection of the 3 mutations predated the first clinical
signs of disease progression with 5 months. (B) Patient #13 harboured BCL2 p.Aspl103Tyr detected by
ddPCR with an FA value of 0.17%. The mutation was successfully backtracked in samples collected prior
to disease progression. Targeted sequencing uncovered a co-existing p.Alal13Gly variant in the sample
obtained after venetoclax failure. (C) In a sample obtained from Patient #31 at the timepoint of disease
progression following 35 months of venetoclax therapy, both BCL2 p.Gly101Val and p.Aspl103Tyr were
observed with FA values of 5.8% and 6.6%, respectively. Targeted sequencing of the same sample unveiled
three additional co-existing variants, namely p.Alal13Gly, p.Aspl103Glu and p.Vall56Asp with CCF
values of 2.1%, 2.3% and 6.6%, respectively. All variants excluding p.Asp103Glu were successfully

backtracked in longitudinally collected samples obtained 16 months prior to disease progression.
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Interestingly, BCL2 p.Asp103Glu was first observed after 27 months of Bcl-2 inhibition suggesting multi-
layered subclonal changes driving secondary venetoclax resistance. Subsequent ibrutinib was administered
following the onset of clinical progression resulting in an observable decline in the allelic burden of all
BCL2 variants. (D) Patient #42 harboured four distinct BCL2 variants, namely p.Gly101Val, p.Asp103Tyr,
p-Alal13Gly and p.Asp103Glu observed in the sample collected at the time of disease progression with
CCF values of 0.21%, 3.4%, 12.2% and 0.7%, respectively.
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Figure 13. Fractional abundance (FA) values of BCL?2 variants in patients with samples obtained prior to
disease progression versus at the time of relapse. Allelic burden of p.Glyl01Val, p.Aspl03Tyr,
p-Alal13Gly, p.Vall56Asp and p.Aspl103Glu exhibited an increased tendency ubiquitously across the 3
analysed patients. Diameter and colour of the circles are proportional to the FA values of each mutation in
individual samples. In Patient #13, BCL2 p.Alal13Gly mutation was first detected in the samples obtained

at the timepoint of disease progression.

41



DOI:10.14753/SE.2023.2857

V. DISCUSSION

Targeted therapies, particularly the Btk inhibitor ibrutinib and the Bcl-2 inhibitor
venetoclax, have revolutionized the therapeutic landscape of R/R CLL with high response
rates and prolonged PFS in heavily pre-treated patient populations. (35-37, 64, 65, 71)
Despite the remarkable improvement in long-term clinical outcomes, loss of efficacy is
still a major clinical concern as subsequent relapse or progressive CLL eventually occurs
in a subset of patients treated with targeted agents. (53, 58, 84, 92, 112) Indeed, since the
failure of ibrutinib and venetoclax confers dismal prognosis without additional or
subsequent salvage therapy, there is a high clinical interest in predicting relapse or disease
progression, which could potentially be addressed by molecular screening for recurrent

resistance mutations in longitudinally collected patient samples.

V.1.Sensitive screening for resistance mutations in ibrutinib- and venetoclax-treated

patients

In the framework of a nationwide research initiative, we investigated the feasibility and
clinical value of screening for the most common resistance mutations underlying acquired
ibrutinib and venetoclax resistance in R/R CLL patient populations using an ultra-
sensitive ddPCR-based method. In 83 ibrutinib-treated R/R CLL patients, representing
the largest real-world cohort reported at the date of publishing in which BTK p.Cys481Ser
has been monitored longitudinally, the mutation was detected in nearly half of the cases
with 80% of the mutation-bearing patients showing signs of disease progression.
Although we only interrogated this single aberration, our approach uncovered the
underlying resistance mutation and provided informative genetic data for molecular
monitoring in nearly 73% of the patients undergoing relapse or disease progression. (60)
Similar to our results, Woyach and colleagues investigated 46 R/R patients progressing
on ibrutinib from four clinical trials and identified BTK and/or PLCG2 mutations in 87%
of the relapse samples. (53) Ahn and colleagues analysed CLL patients carrying 7P53
disruptions in a phase 2 clinical trial and detected BTK and/or PLCG2 mutations in 80%
(8/10) of the patients with progressive CLL. (54) In a real-world cohort of CLL patients

receiving ibrutinib for a minimum of 3 years, Quinquenel and colleagues performed a
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‘snapshot’ screening of BTK p.Cys481Ser and found that the presence of the variant was

strongly associated with progressive disease. (56)

In a real-world cohort of 67 patients with R/R CLL treated with single agent venetoclax
therapy or venetoclax plus rituximab combination treatment, we performed ‘snapshot’
screening of the two most frequent BCL2 mutations associated with resistance. Using an
ultra-sensitive ddPCR method, BCL2 p.Gly101Val and/or p.Asp103Tyr were identified
in 16.4% of the analysed patient population with some 90% of affected patients showing
signs of relapse or disease progression during the follow-up period. (106) This subset of
mutation-carriers represented over 40% of the patients experiencing progressive CLL.
Notably, in our cohort, all patients harbouring detectable BCL2 mutations could have
been identified with the exclusive screening for BCL2 p.Gly101Val and p.Asp103Tyr,
demonstrating the potential clinical value of ddPCR testing targeting these variants during

venetoclax therapy.

In summary, with the ultra-sensitive ddPCR-based analyses of one mutation hotspot
associated with ibrutinib resistance and two hotspots linked to venetoclax failure, we
successfully identified the underlying molecular mechanisms in two-thirds (32/44 and
10/23 of all ibrutinib- and venetoclax-resistant cases, respectively) of the patients
undergoing relapse or disease progression during targeted treatments. Our results imply
the selected gene mutations as promising potential molecular biomarkers for use in the

standard-of-care diagnostic work-up of targeted therapy resistance in CLL.

V.2.Co-operating subclonal mutational patterns in venetoclax-treated R/R CLL

To unveil alternative or co-operating genetic changes driving acquired venetoclax
resistance, targeted ultra-deep NGS was performed on specimens obtained at the time of
disease progression, revealing three additional BCL2 mutations p.Aspl03Gluy,
p-Alal13Gly and p.Vall56Asp in four cases. These mutations were previously found to
be co-occurring with BCL2 p.Gly101Val and were associated with resistance to Bel-2
inhibition in vivo. (78, 113) Interestingly, no additional BCL?2 variants were uncovered in
cases with wild-type BCL2 Glyl01 and Aspl03 as assessed by ddPCR. All patients
harbouring multiple BCL2 mutations displayed co-operating subclonal mutational

patterns with total allelic burdens of less than 10%, in all but one case even in samples
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obtained at the time of relapse. Plausible explanations for this phenomenon may include
the key role of mutually exclusive mutation-bearing subclones reported by Thompson
and colleagues, as well as the ability of mutation-bearing cells to promote resistance in

BCL2 unmutated CLL subclones. (83)

Our findings are in line with previous studies performed on patient cohorts from various
clinical trials. Anderson and colleagues investigated 67 patients with R/R CLL receiving
venetoclax in three early-phase trials and identified BCL2 p.Gly101Val in 11 cases with
all patients ultimately experiencing relapse or disease progression. (79, 84) Consistent
with our observations, allelic burden of the mutation ranged from 0.1% to 68.7%
displaying significant heterogeneity within the analysed patient cohort. In the same
patient population, Blombery and colleagues uncovered median 3 additional recurrent
mutations affecting BCL?2 including p.Asp103Glu, p.Alal13Gly and p.Vall56Asp in all
but one case using digital and hybrid capture-based NGS approaches. (79, 83) Similarly,
Lucas and colleagues have reported recurrent BCL2 mutations p.Alall13Gly,
p.Phel04Leu, p.Phel04Ser, p.Leull9Val, p.GlylOlAla and the internal tandem
duplication p.Argl07 Argl10 co-existing with p.Glyl01Val in a cohort of 24 patients
with ibrutinib- and venetoclax-resistance. (80) Together with our observations of
additional acquired BCL2 variants, these studies provide a growing body of evidence of
the branching subclonal composition of venetoclax-resistant tumor compartments in
individual patients, and highlight the frequent presence of multiple, independent

mechanisms driving clinical resistance. (82, 83)

Among the BCL?2 variants unravelled by ddPCR or targeted sequencing, substitutions
emerging at Asp103 are particularly noteworthy. The Asp103 residue is located in the P4
pocket of Bcl-2 establishing a hydrogen bond with venetoclax. (69) Missense mutations
affecting the Asp103 impart the affinity of Bcl-2 for venetoclax without disrupting the
protein’s pro-survival function and its affinity for BH3-only proteins as observed by
Blombery and colleagues. (79) In the same study, substitutions p.Aspl03Glu,
p.Aspl03Val and p.Aspl03Tyr were detected across 6 patients with R/R CLL. BCL2
p-Aspl103Tyr was first described by Tausch and colleagues as a co-operating mutation in
driving acquired venetoclax resistance in a single patient who was previously found to
harbour p.Gly101Val. (77) In our patient population, p.Asp103Tyr was identified in 8
patients, of which 4 patients carried p.Asp103Tyr in the absence of p.Gly101Val. To our
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knowledge, here we first reported the recurrent BCL2 p.Asp103Tyr as a sole alteration
affecting BCL2 underpinning venetoclax failure, further underlining the role of the

Asp103 residue in secondary venetoclax resistance.

Intriguingly, no BCL2 variants were observed among patients receiving time-limited
venetoclax therapy either as a single agent treatment or in combination with rituximab.
This finding is in line with the results of a handful of previous studies, including the 4-
year data from the phase 3 MURANO trial by Kater and colleagues. (65, 72) The authors
analysed end of treatment samples of 194 patients treated with fixed duration venetoclax
plus rituximab combination therapy and identified recurrent mutations in genes B/IRC3,

BRAF, TP53, NOTCH1 and XPO1 with no variants affecting BCL2.

V.3.Temporal dissection of mutations underlying acquired ibrutinib and venetoclax

resistance

In patients progressing on ibrutinib with samples obtained prior to progression,
emergence of the resistance mutation BTK p.Cys481Ser predated the first clinical signs
of ibrutinib failure with median 9 months and in 79% (15/19) of the cases, the mutation
was detectable at least 3 months prior to relapse or disease progression. Consequently,
the presence and increasing abundance of BTK p.Cys481Ser proved to be a good indicator
of an impending relapse well before the first clinical signs of relapse or disease
progression in the majority (79% x 73%) of our patients with informative follow up.
Similarly, Woyach and colleagues have reported that the emergence of the detectable
mutation preceded the time of relapse with an estimated 9.3 months in 20 patients with
serial samples analysed retrospectively. (53) In the patient cohort investigated by Ahn
and colleagues, 6/8 patients had detectable B7K and/or PLCG2 mutations predating the
clinical progression by 8 months. (54) Based on the results of a preliminary study by our
research group, BTK and PLCG2 mutations were backtracked in five patients treated with
ibrutinib and were detectable on average 10.5 months prior to progression. (50) These
studies together provide a growing body of evidence that BTK p.Cys481Ser is not only
the predominant driver alteration conferring acquired ibrutinib resistance, but its temporal
dynamics over the disease course may also imply the mutation as an important biomarker

candidate for molecular disease monitoring in ibrutinib-treated CLL patients.
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Retrospective analysis and temporal dissection of the uncovered BCL2 variants in
longitudinally collected samples of patients receiving venetoclax revealed heterogeneous
and dynamically changing subclonal FA values of mutations during venetoclax therapy.
This suggests a complex underlying architecture of resistant CLL cell compartments,
coupled with subsequent progressive CLL in all four cases analysed longitudinally. To
our knowledge, these patients represent the first longitudinally monitored and temporally

dissected cases with venetoclax resistance to date.

V.4.Management of secondary ibrutinib and venetoclax resistance

Significance of detecting targeted therapy resistance at an early stage has been
exponentially increasing with the growing number of alternative treatment options
entering the clinical practice. As previously described, patients with ibrutinib failure can
be successfully treated with alternative classes of targeted agents, such as PI3K
antagonists, BTK degraders, CAR-T cell therapy and venetoclax with the latter option
being routinely used in every-day patient care. Bcl-2 inhibition by venetoclax in patients
progressing on ibrutinib has conferred massive reduction of CLL cells resistant to BTK
inhibition in our cohort, which is in line with data reported by other research groups in
both clinical trials and real-world settings. (91, 92) Subsequent treatments of choice in
cases with acquired venetoclax resistance include irreversible BTK inhibition by
ibrutinib, applied in 60% of the cases harbouring BCL2 mutations and experiencing
relapse or disease progression in our cohort, with half of them delivering durable
responses. Consistent with our observations, a number of studies with small number of
patients and a cohort study by Mato and colleagues concluded that the efficacy of BTK

inhibition therapy does not seem to be altered by prior venetoclax treatment. (97-99)

Although in our patient populations only one patient with venetoclax failure received
ibrutinib plus venetoclax combination therapy achieving durable disease control, this
combination along with venetoclax re-treatment is a promising approach to address cases
with resistance to either of these targeted agents. Considering the data from the phase 2
CLARITY trial, chemotherapy-free, time-limited venetoclax plus ibrutinib therapy
demonstrated remarkable clinical outcomes in R/R CLL patients providing synergistic

activity by targeting distinct CLL subpopulations. (104, 105)
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V.5.Biological and technical challenges in the molecular monitoring of therapy

resistance

The role of molecular testing for mutations during ibrutinib and venetoclax treatment is
still an intensively studied research area with our limited understanding posing a handful
of compelling technical and biological challenges. (A) Not all mutation-bearing patients
relapse or experience disease progression, though the proportion of cases with stable
disease will most likely decrease with longer follow-up times available in the future. (B)
CLL cell populations may be heterogeneous harbouring distinct genetic, epigenetic and
transcriptional changes and the interaction between these subclones and their contribution
to clinical progression are still poorly understood. This challenge is particularly peculiar
in venetoclax-treated patients with complex subclonal architecture of multiple BCL2
mutations in distinct resistant CLL compartments. (C) Most of the patients progressing
on venetoclax and some cases with ibrutinib failure harbour resistance mutations in minor
subclones and the abundance of mutations in the PB specimens does not always correlate
with relapse or disease progression. (79, 114) A plausible explanation for this
phenomenon has been described in the context of venetoclax treatment by Thompson and
colleagues implying the role of mutually exclusive BCL2 mutant subclones, however
further aetiologies in both BTK and Bcl-2 inhibition, such as the role of permissive
microenvironment, mutant CLL cells promoting resistance in non-mutated malignant
cells and compartment effect, have also been proposed by us as well as other research
groups. (53, 62, 83) (D) Finally, around one-third of the patients with progressive disease
analysed in our cohorts carried wild-type BTK Cys481 and BCL2. Several alternative
genetic and non-genetic changes mechanisms have been described as potential
contributors to both ibrutinib or venetoclax resistance, however further clinical and

functional studies are required to clarify their causative role in targeted agent failure.

In summary, our series of studies demonstrate the feasibility and clinical value of robustly
detecting the most frequent BTK p.Cys481Ser mutation underlying acquired ibrutinib
resistance and the two most common BCL2 mutations p.Glyl01Val and p.Asp103Tyr
associated with secondary resistance under real-world circumstances. To our knowledge,

our patient cohorts were the largest real-world R/R CLL patient populations at the time
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of publishing, in which resistance mutations have been molecularly monitored during Btk
or Bcl-2 inhibition. Based on the presented data, screening for these alterations can
greatly facilitate the early detection of resistance in up to two-thirds of the patients
receiving targeted therapies and experiencing relapse or disease progression. Although
longer follow up times and prospective studies on independent patient cohorts are needed
to refine the predictive power of these ddPCR tests, the clinical value of such analyses in
the state-of-the-art patient care will probably increase in the future. Additional genomic
and non-genomic studies, preferably coupled with functional readouts, will further
contribute to our deepened understanding of key mechanisms orchestrating the interplay
between CLL compartments driving resistance to targeted BTK and Bcl-2 inhibition.
Ultimately, our gradually expanding knowledge of resistance mechanisms will hopefully
further improve the clinical management of patients with R/R CLL treated with targeted

agents and experiencing relapse or disease progression.
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VI. CONCLUSIONS

Novel findings of my thesis are:

Sensitive ddPCR-based methods are optimal for the early detection of an
impending relapse as well as for the identification of underlying molecular
mechanisms in up to two-thirds of R/R CLL patients treated with targeted agents

experiencing relapse or disease progression.

In R/R CLL patients progressing on ibrutinib with PB specimens obtained prior
to ibrutinib failure, emergence of the underlying resistance mutation BTK
p.Cys481Ser predated the first clinical observation of acquired ibrutinib resistance
with median 9 months. In the majority of the cases using sensitive ddPCR, the

mutation was detectable at least 3 months prior to relapse or disease progression.

We unveiled genetic alterations conferring resistance to the Bcl-2 inhibitor
venetoclax by the molecular screening for the most frequent underlying variants
BCL2 p.Glyl01Val and p.Aspl03Tyr in nearly half of the patients with

venetoclax failure and subsequent disease progression.

We dissected the temporal heterogeneity observed in R/R CLL in the context of
venetoclax therapy by the molecular monitoring of pathogenic BCL2 variants
using ddPCR and ultra-deep targeted NGS. Convergent evolution of distinct
mutation-bearing CLL subclones was observed in the longitudinally collected

samples of four patients.
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VII. SUMMARY

Targeted therapies, such as the Btk inhibitor ibrutinib and the Bcl-2 inhibitor venetoclax,
have revolutionized the therapeutic landscape of relapsed or therapy refractory (R/R)
chronic lymphocytic leukemia (CLL). However, despite the notable response rates across
patient populations with adverse cytogenetic, molecular or clinical features, durable
remission is eventually followed by loss of efficacy and subsequent progressive CLL in

a subset of patients conferring poor prognosis.

In our study we performed droplet digital polymerase chain reaction (ddPCR)-based
methods for the sensitive detection of the most common resistance mutations underlying
ibrutinib and venetoclax failure in 83 and 67 R/R CLL patients treated with ibrutinib and
venetoclax, respectively. In the ibrutinib-treated cohort, acquired resistance-associated
mutation BTK p.Cys481Ser was detected in 40 patients with 80.0% (32/40) of them
experiencing relapse or disease progression during the follow-up period. These 32
patients represented 72.7% (32/44) of all cases with progressive CLL or relapse. In
patients with informative follow-up, emergence of the resistance mutation predated the

first clinical observation of relapse or disease progression with median 9 months.

With the sensitive interrogation of BCL2 p.Gly101Val and p.Asp103Tyr, underlying
molecular mechanisms of acquired venetoclax resistance was uncovered in ten patients
representing 43.5% (10/23) of all cases developing secondary resistance during the
follow-up period. Interestingly, all BCL2 p.Gly101Val and p.Asp103Tyr variants were
detected in patients receiving venetoclax as a continuous single-agent treatment, while
the two resistance mutations were not observed during or after fixed duration venetoclax
therapy. Targeted next-generation sequencing unveiled additional co-existing BCL2
mutations in four patients suggesting a complex underlying architecture of resistant CLL

cell compartments, coupled with subsequent progressive CLL in all four cases.

In summary, our study demonstrates the value and clinical feasibility of sensitive ddPCR-
based methods in the detection of underlying genetic changes in acquired ibrutinib and
venetoclax resistance. With a series of experiment, we have scrutinized the correlation
between the emergence of distinct resistance mutations and disease progression in R/R
CLL treated with targeted agents with the ultimate goal to aid the standard-of-care

monitoring of the efficacy of ibrutinib and venetoclax therapies in CLL.
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Egészségiigyi Tudoményos Tanacs

Tudominyos és Kutatasetikai Bizottsag (ETT TUKEB)
Levelezési cim: H-1051 Budapest, Széchenyi Istvén tér 7-8.
Székhely: Budapest 1054 Alkotmdny u. 25.

Ugyiratszam: IV/5495- 3 /2021/EKU
Ugyintéz® neve: Dr. Kardon Tamas titkar
Elérhetdsége: tukeb@emmi.gov.hu
Telefon: +(36) 1 795-1197

Targy: Engedélyez6 hatdrozat

Kutatéhely neve: Semmelweis Egyetem AOK I.sz. Patoldgiai és Kisérleti Rdkkutatd Intézet
Kutatéhely cime:

Budapest

UliGi ut 26.

1085

Kutatdsvezets: Dr. Bédor Csaba részére

HATAROZAT

A(z) Semmelweis Egyetem, HCEMM, és a Nemzeti Kutatési, Fejlesztési Es Innovici6s Hivatal, mint megbizé
(1085 Budapest Ull6i at 26.) képviseletében Kovéri Krisztina, Také Tamas (1085 Budapest Ullsi ut 26.)
(tovabbiakban: Kérelmez6) “B-sejtes non-Hodgkin limfomak térbeli heterogenitésénak és klonélis evoliciéjanak
vizsgalata”" cimii, beavatkozassal nem jaré vizsgilat engedélyezése irant kérelmet nyijtott be az Egészségiigyi
Tudoményos Tan4cs Tudomanyos és Kutatasetikai Bizottsdgahoz (az ETT TUKEB-hez).

Az ETT TUKEB, mint els6foki hat6sag, a vizsgilat engedélyezése iranti kérelmet megvizsgalta és a kdvetkezd,
testiileti véleményen alapulé dontést hozta:

Az ETT TUKEB a benyiijtott kérelem szerinti, beavatkoz4ssal nem jéré vizsgélatra
a szakmai-etikai engedélyt megadja.

Az eljaras sordn eljarasi koltség nem meriilt fel tekintettel arra, hogy a kérelmezett vizsgilat nem kereskedelmi
vizsgélat.

A Bizottsag dontése ellen a kozlést kovetd 15 napon beliil van helye fellebbezésnek az ETT Eindkségehez. A
fellebbezést az ETT TUKEB-hez kell benydjtani.

A fellebbezési eljaras illeték- és dijmentes.

INDOKOLAS

ssra

A Kérelmezd "B-sejtes non-Hodgkin limfémék térbeli heterogenitisinak és klondlis evolici6janak vizsgilata”
cimii, beavatkozassal nem jaré vizsgalat engedélyezése irant kérelmet nyujtott be ETT TUKEB-hez, ami 2021.
junius 8-én érkezett meg a Bizottsdghoz.

Az eljaras megindult és az ETT TUKEB az éltaldnos kozigazgatasi rendtartasrél sz616 2016. évi CL. torvény
(tovabbiakban: Akr.) 43.§ (1) bekezdésében foglalt intézkedéseket mellézte, €s tekintette] arra, hogy a teljes
eljaras feltételei fennéllnak, a Bizottsdg a kérelmet az Akr 43 §-a alapjén teljes eljarasban birlta el. Az ETT
TUKEB az Akr 43 § (2) bekezdése alapjan 2021. jinius 16-4n err8l és az Akr 43 § (2) bekezdésében
meghatérozott egyéb tényekrol tdjékoztatta a Kéreimezot.

Az eljaras soran az ETT TUKEB megvizsgélta és megtirgyalta a kérelmet és a csatolt dokumentumokat.

A tervezett, beavatkozassal nem jaré vizsgdlat azonosité adatai:

Ugyiratszam: IV/5495- 3 /2021/EKU
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A vizsgélat cime:
"B-sejtes non-Hodgkin limfémak térbeli heterogenitdsanak €s klonalis evolicidjanak vizsgalata”

Kutatdsvezetd, aki az egész vizsgalatot vezeti: Dr. Bodor Csaba
Kutatdsvezeté munkahely: Semmelweis Egyetem AOK I.sz. Patolégiai és Kisérleti Rakkutat6 Intézet

Megbiz6 neve €s cime: .
Semmelweis Egyetem, HCEMM, és a Nemzeti Kutatési, Fejlesztési Es Innovaci6s Hivatal
1085 Budapest, Ull8i 1t 26.

Megbizo képviseldjének a neve €s cime:
Kdvari Krisztina, Také Tamas
1085 Budapest, Ull6i ut 26.

A vizsgélat tervezett idotartama: 2021.09.01 - 2025.08.31

A vizsgalatban részt vevd vizsgaléhelyek felsorolasa, valamint az adott vizsgalohelyen a vizsgélat vezettje:

¢ Debreceni Egyetem, I1.sz. Belgyogy4szati Klinika, Debrecen

¢ Dél-Pesti Centrumkérhdz — Orszagos Hematoldgiai és Infektoldgiai Intézet, Hematolégiai és

Ossejttranszplantaciés Osztaly, Budapest
e Fejér Megyei Szent Gyorgy Egyetemi Oktaté Kérhaz, ITI. Belgybégyaszati Osztdly - Hematologiai
Osztaly, Székesfehérviar

e  Orszdgos Onkoldgiai Intézet, Gyégyszerterdpids Kozpont Hematolégia és Lymphoma Osztily,
Budapest
Jasz-Nagykun-Szolnok Megyei Hetényi Géza Kérhaz-Rendelbintézet, 1. Belgy6gyészati Osztaly,
Magyar Honvédség Egészségiigyi Kozpont, 1.sz. Belgy6gyészati Osztaly, Budapest
Markhot Ferenc Oktatokoérhéz €s Rendeldintézet, Eger
Markusovszky Egyetemi Oktat6korhdz, Haematolégiai és Haemosztazeoldgiai Osztly, Szombathely
Pécsi Tudomanyegyetem, Lsz. Belgy6gyaszati Klinika, Hematol6giai Tanszék, Pécs
Pécsi Tudomanyegyetem, Szentdgothai Jdnos Kutatékozpont, Bioinformatikai Kutatécsoport, Pécs
Semmelweis Egyetem, Belgydgyaszati és Hematoldgiai Klinika, Hematoldgiai Osztaly, Budapest
Semmelweis Egyetem, Belgy6gy4szati és Onkol6giai Klinika, Hematol6giai Osztély, Budapest
Semmelweis Egyetem, Lsz. Patol6giai és Kisérleti Rakkutat6 Intézet, Budapest
Somogy Megyei Kaposi Mér Oktaté Ko6rhdz, Hematolégiai Osztaly, Kaposvar
Szabolcs-Szatmar-Bereg Megyei Korhazak és Egyetemi Oktatékérhaz, Hematolégiai Osztaly
Szegedi Tudoményegyetem, IL.sz. Belgydgyaszati Klinika, Szeged

Az ETT TUKEB a kutatasi engedély iranti kérelemrol az emberen végzett orvostudomdnyi kutatdsok, az emberi
felhaszndlasra kerild vizsgdlati készitmények klinikai vizsgdlata, valamint az emberen torténé alkalmazdsra
szolgdlo, klinikai vizsgdlatra szdnt orvostechnikai eszkizok klinikai vizsgdlata engedélyezési eljdrdsdnak
szabdlyairél sz6l6 235/2009. (X. 20.) Korm. rendelet (a tovabbiakban: 235/2009. Korm. rendelet) 18. § (2)
bekezdése alapjan a kdvetkezoket allapitotta meg:

a) A beadott kérelem targyaul szolgalé vizsgalat valoéban beavatkozassal nem jar6 vizsgélat-e?
Igen

bl) A tervezett vizsgélat érdemi, szakmai tudomanyos kérdésfelvetéseket tartalmaz-e?
Igen

b2) A tervezett vizsgilat moédszerei alkalmasak-e az érdemi, szakmai tudomédnyos kérdésfelvetések
megvalaszoldsara?
Igen

cl) A betegtajékoztatd és a beleegyezé nyilatkozat tervezett szovege megfelel-e az emberen végzett

orvostudomanyi kutatdsokrdl sz616 miniszteri rendeletben foglaltaknak?
Igen

Ugyiratszam: IV/5495- 3 /2021/EKU
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c2) A toborzas tervezett szovege megfelel-e az emberen végzett orvostudomanyi kutatdsokrol sz616 miniszteri
rendeletben foglaltaknak?
Igen

Mindezek alapjan az ETT TUKEB a rendelkez6 résznek megfeleléen hatdrozott, és engedélyezte a kutatasi
engedély iranti kérelemben megjeldlt beavatkozédssal nem jar6 vizsgalatot.

Felhivjuk a Kérelmez6 figyelmét arra a jogszabdlyi kotelezettségére, mely szerint a beavatkozassal nem jaro
vizsgalat befejezését kovetd kilencven napon beliil értesitenie kell az ETT TUKEB-et a vizsgalat befejezésérol, a
bevont betegek szamarol, illetve korérdl, tovabba a vizsgalat befejezését kdvetd szaznyolcvan napon beliil
értesitenie kell az ETT TUKEB-et a vizsgalat célkitiizésére adott valaszrol. (Ezt az eloirast az emberen végzett
orvostudomdnyi kutatdsokrol széloé 23/2002. (V. 9.) EiiM rendelet (tovabbiakban: 23/2002. (V. 9.) EiiM rendelet)
20/0. § tartalmazza.)

Kérjitk, amennyiben a beavatkozassal nem jar6 vizsgéalat nem kezddédik el, vagy id6 elott lezarasra keriil, akkor
errdl - az indokok felsoroldsaval - e-mailen és levélben is tdjékoztassa az ETT TUKEB-et. (Ezt a 235/2009.
Korm. rendelet 21. § (3) bekezdése irja eld.)

Az ETT TUKEB eljardsa és hatarozata els6sorban az egészségiigyrdl szolo 1997. évi CLIV. torvény
(tovabbiakban: Eiitv.) 164/A. § (1) és (2).bekgzdésein, a 235/2009. (X. 20.) qum. rendelet 17/A. § (1) - (4), a
18. § (1) és (2) bekezdésein, valamint a az Akr. 80. § (1) bekezdésén és az Akr. 81. § (1) és (4) bekezdésein
alapul.

A kutatasengedélyezési eljarasokban az Eiitv. 164/B. § kimondja "Az orvostudomanyi kutatds, valamint a 164/A.
§ szerinti beavatkozéssal nem jard vizsgalat engedélyezési eljarasaért - az egészségiigyért felelés miniszternek az
adopolitikéért felelos miniszterrel egyetértésben kiadott rendeletében meghatdrozott - igazgatdsi szolgaltatasi
dijat kell fizetni."

A kérelemben foglaltak alapjan az ETT TUKEB megallapitotta, hogy a tervezett kutatds nem kereskedelmi
vizsgalat a 23/2002. EiM. rend. 20/B. § f) pontja alapjan, ezért a Kérelmezonek eljardsi koltség, és igy
igazgatasi szolgéltatasi dijfizetési kotelezettsége sem keletkezett a 23/2002. EiM. rend. 15. §-a és 20/R. § (1)
bekezdése szerint.

A Bizottsag hataskore és illetékessége az Eiitv. 164/A. § (2) bekezdésén, valamint 235/2009. Korm. rend. 16. §
a) pontjan, a 17. § (1) bek. a) pontja ab) alpontjan alapul.

A fellebbezés lehetdségét az Akr. 116. § (1) bekezdésének megfeleloen az Eiitv. 164/A. § (2) bekezdése mondja
ki, mely szerint "A (3) és (5) bekezdésben nem emlitett beavatkozassal nem jaré vizsgalat esetében a szakmai-
etikai engedélyr6l az emberen végzett orvostudomanyi kutatasokrdl szol6 kormanyrendelet szerinti kutatés-etikai
bizottsag a kérelem megérkezését kovetd naptdl szamitott negyvendt napon beliil dont. A dontés ellen
fellebbezésnek van helye, a mdsodfoku eljarast az ETT elnoksége folytatja le."

A fellebbezési eljaras illetékmentességét az illetékekrdl szolo 1990. évi XCIII. Torvény 67. § (3)-(5) bekezdései
alapjan a 23/2002. EiiM. rend. 15. §-a és 20/R. § (1) bekezdése mondja ki, tekintettel arra, hogy a kérelmezett
kutatds nem kereskedelmi vizsgélat a 23/2002. EiiM. rend. 20/B. § f) pontja alapjén.

A fellebbezés eléterjesztésére az Akr. 118. § (3) bekezdése vonatkozik.

Budapest, 2021. jilius 6.
P.H.

/.
Prof. Dr. Schaff Zsuzsa ETT TUKEB"
elnok nevében kiadmédnyozza:

a
| . g Be
I'h Loy Y OX
Dr. Kardon Tamas ETT TUKEB titkar
Kapjak:
1./ Kutatasvezet6
2./ Intézetvezetd
3./ Intézményvezetd
4./ Irattar
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